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(57) A ferromagnetic double quantum well tunneling 
magnetoresistance device is disclosed that utilizes a 
two-dimensional electron (positive hole) system to ob- 
tain an infinitely great magnetoresistance ratio. Also dis- 
closed are a sensitive magnetic sensor and a nonvola- 
tile storage device derived from that device. In structural 
terms of the device, a first and a second quantum well 
layer of ferromagnetic material (4, 8) in each of which 
the quantum confinement for carriers is established in 
a two-dimensional electron (positive hole) state are 
each sandwiched between a pair of barrier layers of 
nonmagnetic material (2, 6, 10) through which the car- 
riers can tunnel. The first and second quantum well lay- 
ers (4, 8) have a difference in coercive force so that 
when an external magnetic field is applied thereto only 
one of them may be reversed in the direction of mag- 
netization. As a result, if magnetizations of the two quan- 
tum wells are parallel to each other, tunneling is allowed 
to occur, and if they are antiparallel to each other, tun- 
neling is inhibited. A infinitely great tunneling magne- 
toresistance ratio is thereby obtained. 
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Description 

Technical Field 

[0001] This invention relates to a ferromagnetic dou- 
ble quantum well tunneling magnetoresistance device 
for use in devices such as magnetic sensors, magnetic 
sensor heads, magnetoresistance effect devices and 
nonvolatile storages and so forth, which device utilizes 
a tunneling magnetoresistance effect that is brought 
about across two quantum wells by controlling direc- 
tions of magnetizations caused in the two quantum 
wells. 

Background Art 

[0002] A conventional tunneling magnetoresistance 
device makes use of rather a simple, three layer struc- 
ture such as of a ferromagnetic metallic layer, an insu- 
lator layer and a ferromagnetic metallic layer. In such a 
device the ferromagnetic metallic layers in many cases 
are relatively thick with a thickness as large as several 
tens nanometers. What is utilized in the device is not a 
two-dimensional electron system by quantum confine- 
ment but a tunnel phenomenon in a three-dimensional 
electron system. 

[0003] For this reason the need arises to use a ferro- 
magnetic metal whose spin polarization is large enough 
to gain a large tunneling magnetoresistance, but spin 
polarization of ordinary ferromagnetic metals are not so 
much large and they are limited to at most 40 to 45 %. 
While by using a ferromagnetic material called "half met- 
al" whose spin polarization is 1 00 % it is expected that 
ideally an infinitely great value of tunneling magnetore- 
sistance ratio, i.e., a change in electric resistance by ap- 
plication of a magnetic field divided by electric resist- 
ance when magnetization is parallel, is obtainable, this 
option has left problems to be resolved in respect of ma- 
terial engineering and fabrication techniques. 
[0004] On the other hand, ordinary devices of the 
three-layer structure of a ferromagnetic metallic layer, 
an insulator layer and a ferromagnetic metallic layer has 
presented the problem that the tunneling magnetore- 
sistance decreases in magnitude with an increase in the 
bias voltage, which must be resolved. 
[0005] Accordingly, with these problems borne in 
mind, it is a first object of the present invention to provide 
a ferromagnetic double quantum well tunneling magne- 
toresistance device that derives an infinitely great value 
of tunneling magnetoresistance ratio with a desired bias 
voltage, by utilizing a two-dimensional electron (or pos- 
itive hole) system. 

[0006] A second object of this invention is to provide 
a sensitive magnetic sensor that is capable of detecting 
magnetism with an enhanced sensitivity. 
[0007] A third object of this invention is to provide a 
nonvolatile storage that is both readable and writable. 



Disclosure of the Invention 

[0008] In order to achieve the first object mentioned 
above, there is provided in accordance with the present 
5 invention a construction comprising a first and a second 
quantum well layer of ferromagnetic material each of 
which is sandwiched between barrier layers of non- 
magnetic material, in which a change in direction of 
magnetizations in the said first and second quantum lay- 
to ers causes carriers to tunnel between them, thereby 
producing a change in magnetoresistance across them. 
[0009] Further, in addition to the construction men- 
tioned above, the said first and second quantum well 
layers in the ferromagnetic double quantum well tun- 
15 neling magnetoresistance device according to the 
present-invention have a difference in coercive force. 
[0010] Also, the said first and second quantum well 
layers in the ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 
20 present invention have a thickness less than a de Bro- 
glie wavelength of the carriers. 

[0011] Also, the said first and second quantum well 
layers in the ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 

25 present invention has a two-dimensional electron or 
positive hole condition established therein for subjecting 
the carriers to a quantum confinement. 
[0012] Further, each of the said first and second quan- 
tum well layers and the said barrier layer adjacent there- 

30 to in the ferromagnetic double quantum well tunneling 
magnetoresistance device according to the present in- 
vention has between them a hetero interface that is 
atomically flat and abrupt. 

[0013] Also, the said barrier layers in the ferromag- 
35 netic double quantum well tunneling magnetoresistance 
device according to the present invention are formed 
each to have a thickness that enables the carrier to tun- 
nel therethrough. 

[0014] Further, the said first quantum well layer in the 
40 ferromagnetic double quantum well tunneling magne- 
toresistance device according to the present invention 
is made of either a ferromagnetic metal or a semicon- 
ductor exhibiting a ferromagnetism. 
[001 5] Also, the said second quantum well layer in the 
45 ferromagnetic double quantum well tunneling magne- 
toresistance device according to the present invention 
is made of either a ferromagnetic metal or a semicon- 
ductor exhibiting a ferromagnetism. 
[001 6] Further, the said barrier layer in the ferromag- 
50 netic double quantum well tunneling magnetoresistance 
device according to the present invention is made of ei- 
ther a nonmagnetic semiconductor or non-magnetic in- 
sulator. 

[0017] Also, the said first and second quantum well 
55 layers in the ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 
present invention has a quantum level of a given energy 
that, and the carriers have a given tunneling probability 
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that, are set up by regulating the thickness of each of 
the said first and second quantum well layers and the 
individual thickness and barrier height of the said barrier 
layers. 

[001 8] Further, the device according to the present in- 
vention is operable with a bias voltage that is set up at 
a desired magnitude by changing the thickness of each 
of the said first and second quantum well layers. 
[0019] In a ferromagnetic double quantum well tun- 
neling magnetoresistance device of such a construction 
as described above, the carriers confined in each quan- 
tum well form quantum levels and make up a two-dimen- 
sional electron (positive hole) system. Because the 
quantum well is ferromagnetic, the quantum levels are 
spin-split into a spin level that points upwards and a spin 
level that points downwards. 

[0020] Also, in a ferromagnetic double quantum well 
tunneling magnetoresistance device of such a construc- 
tion as described above, if the two (first and second) 
quantum well layers of ferromagnetic material are sub- 
stantially equal in thickness, when they are magnetized 
parallel to each other in their pointing direction of mag- 
netizations, their respective, two neighboring quantum 
levels that are equal in energy are equal in spin direc- 
tion. Then, tunneling of the carriers between the two 
quantum wells easily takes place. 
[0021] Also, in a ferromagnetic double quantum well 
tunneling magnetoresistance device of such a construc- 
tion as described above, when to the contrary the two 
quantum well layers are magnetized antiparallel to each 
other or opposite in their pointing directions of magnet- 
izations, their respective, two neighboring quantum lev- 
els that are equal in energy are opposite to each other 
in spin direction. Then, tunneling of the carriers between 
the two quantum wells is inhibited. 
[0022] Also, in a ferromagnetic double quantum well 
tunneling magnetoresistance device of such a construc- 
tion as described above, a large difference in the tun- 
neling probability between the two quantum wells be- 
tween the state in which they are magnetized parallel 
as above and the state in which they are magnetized 
antiparallel as above, brings about a large change (dif- 
ference) in electric resistance between the electrodes 
across them when electric current is being passed in the 
direction perpendicular to their interface. 
[0023] Further, in a ferromagnetic double quantum 
well tunneling magnetoresistance device of such a con- 
struction as described above, having the two (first and 
second) quantum well layers of ferromagnetic material 
had a difference in coercive force permits readily chang- 
ing their states of magnetization controllably by man- 
ners in which an external magnetic field is applied there- 
to. This in turn permits establishing two distinct states, 
i.e., one in which the magnetizations are parallel and the 
electric resistance is low and the other in which the mag- 
netizations are antiparallel and the electric resistance is 
extremely high, ideally infinitely great. 
[0024] Accordingly, a ferromagnetic double quantum 



well tunneling magnetoresistance device of the present 
invention that permits external magnetic fields to stead- 
ily establish one state in which the two quantum wells 
are magnetized parallel in their pointing direction and 

5 the other state in which they are magnetized antiparallel, 
makes it possible to achieve a magnetoresistance effect 
much greater than the conventional device without re- 
course to a double quantum well. 
[0025] Finally, a ferromagnetic double quantum well 

10 tunneling magnetoresistance device of such a construc- 
tion as described above, allows the amount of energy 
of a quantum level and the probability of tunneling of 
carriers to be set up by controlling on an atomic level 
the layer thickness of a quantum well and the thickness 

15 and barrier height of barrier layers. A suitable bias volt- 
age as desired can thereby be set up. 
[0026] In order to achieve the second object men- 
tioned above, there is also provided in accordance with 
the present invention a sensitive magnetic sensor that 

20 is constructed to incorporate a ferromagnetic double 
quantum well tunneling magnetoresistance device of 
the present invention, the magnetic sensor utilizing the 
nature of the ferromagnetic double quantum well tun- 
neling magnetoresistance device of the invention that a 

25 change in direction of magnetizations in a said first and 
a said second quantum layer is created according to an 
external magnetic field which the device is placed under, 
and changes a carriers' tunneling current between them, 
thereby producing a change in magnetoresistance 

30 across them. 

[0027] A magnetic sensor so constructed as above 
according to the present invention, provided the ability 
to establish two distinct states in the first and second 
double quantum well layers, i.e., one state in which the 

35 magnetizations are parallel and the electric resistance 
is low and the other in which the magnetizations are an- 
tiparallel and the electric resistance is extremely high, 
ideally infinitely great, is capable sensing magnetism 
with an increased sensitivity and reliability. 

40 [0028] In order to achieve the third object mentioned 
above, there is also provided in accordance with the 
present invention a three terminal ferromagnetic double 
quantum well tunneling magnetoresistance nonvolatile 
storage device, which is constructed to incorporate a 

45 ferromagnetic double quantum well tunneling magne- 
toresistance device of the present invention and further 
to include an electrode (third electrode) provided for 
each of a said first and a said second quantum well layer 
of the ferromagnetic double quantum well tunneling 

50 magnetoresistance device of the invention. 

[0029] In a three terminal ferromagnetic double quan- 
tum well tunneling magnetoresistance nonvolatile stor- 
age device so constructed as above according to the 
present invention, the third electrodes can have voltag- 

55 es applied thereacross whose difference in voltage is 
capable of controllably establishing and de-establishing 
a resonant tunneling state between the first and second 
quantum well layers, thereby to selectively enable and 
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disable reading a state of magnetizations of the first and 
second quantum well layers. 

[0030] Also, in order to achieve the third object men- 
tioned above, there is further provided in accordance 
with the present invention a readable and writable non- 
volatile storage that comprises storage cells each of 
which comprises a said ferromagnetic double quantum 
well tunneling magnetoresistance device and a semi- 
conductor switching device. 

[0031] A readable and writable nonvolatile storage so 
constructed as above according to the present invention 
permits reading and writing at an increased speed. 
[0032] Also, in order to achieve the third object men- 
tioned above, there is further provided in accordance 
with the present invention a readable and writable non- 
volatile storage that comprises storage cells, each of 
which comprises a three terminal ferromagnetic double 
quantum well tunneling magnetoresistance nonvolatile 
storage device. 

[0033] A readable and writable nonvolatile storage so 
constructed as above according to the present invention 
not only enables reading and writing at an increased 
speed, but, by eliminating the need to use a semicon- 
ductor switching device, permits storage cells to be in- 
tegrated to a high degree. 

Brief Description of the Drawings 

[0034] The present invention will better be understood 
from the following detailed description and the drawings 
attached hereto showing certain illustrative forms of em- 
bodiment of the present invention. In this connection, it 
should be noted that such forms of embodiment illus- 
trated in the accompanying drawings hereof are intend- 
ed in no way to limit the present invention but to facilitate 
an explanation and understanding thereof. 
[0035] In the drawings: 

Fig. 1 is a diagrammatic illustration depicting a 
structure of a ferromagnetic double quantum well 
tunneling magnetoresistance device according to 
this invention; 

Figs. 2A and 2B are energy band diagrams for a 
ferromagnetic double quantum well of a ferromag- 
netic double quantum well tunneling magnetoresist- 
ance device according to the present invention in 
which magnetizations caused in the two quantum 
wells are oriented parallel and antiparallel to each 
other, respectively; 

Fig. 3 is a circuit diagram that illustrates an electrical 
constitution of a ferromagnetic double quantum well 
tunneling magnetoresistance nonvolatile storage 
cell according to this invention, which is made of a 
ferromagnetic double quantum well tunnel magne- 
toresistance device of this invention and a semicon- 
ductor switching device; 

Fig. 4 is a constitutional view that illustrates a three 
terminal ferromagnetic double quantum well tun- 



neling magnetoresistance device of this invention; 
Fig. 5 is a circuit diagram that illustrates an electrical 
constitution of a nonvolatile storage cell made of a 
three terminal ferromagnetic double quantum well 
5 tunneling magnetoresistance device of the present 
invention; and 

Fig. 6 is a circuit diagram that illustrates an electrical 
constitution of a nonvolatile storage cell made of a 
three terminal ferromagnetic double quantum well 
10 tunneling magnetoresistance device of the present 
invention in which a first quantum well layer has a 
terminal that is grounded. 

BesfModes for Carrying Out the Invention 

15 

[0036] i Hereinafter, the present invention will be de- 
scribed in detail with reference to suitable, presently 
best forms of embodiment thereof illustrated in the draw- 
ing figures. 

20 [0037] Fig. 1 is a diagrammatic illustration depicting a 
structure of a ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 
present invention. 

[0038] Referring to Fig. 1, a ferromagnetic double 
25 quantum well tunneling magnetoresistance device ac- 
cording to the present invention has a hetero or hetero- 
junction laminar structure made of a first barrier layer of 
nonmagnetic material 2, a first quantum well layer of fer- 
romagnetic material 4, a second barrier layer of non- 
30 magnetic material 6, a second quantum well layer of fer- 
romagnetic material 8 and a third barrier layer of non- 
magnetic material 10. The first and third barrier layers 
2 and 10 are formed with electrode layers 12 and 14 of 
nonmagnetic material, respectively. 
35 [0039] Further, the two quantum well layers of ferro- 
magnetic material are formed so they have a difference 
in coercive force, such that when an externa! magnetic 
field is applied thereto, they are capable of establishing 
a first and a second state in which magnetizations 
to caused in the first and second quantum well layers are 
oriented parallel and antiparallel to each other, respec- 
tively. 

[0040] The coercive force of each quantum well layer 
of ferromagnetic material can be controllably varied by 

45 changing epitaxial growth conditions such as tempera- 
ture, growth rate and chemical composition to change 
properties of the quantum well layer. It is thus possible 
to form the two quantum well layers in a low-temperature 
epitaxy process so they have a difference in coercive 

so force. 

[0041] The first and second quantum well layers 4 and 
8 of ferromagnetic material are each a thin layer having 
a thickness in a range from several to ten and several 
nanometers, well shorter than the de Broglie wave- 
55 length of carriers therein, i.e., electrons or positive 
holes, which bear electric conduction. Further, the first 
and second quantum well layers 4 and 8 are so formed 
that with the carriers therein subjected to a quantum 
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confinement they are each brought into a two-dimen- 
sional electron or a two-dimensional positive hole state. 
[0042] The first, second and third barrier layers 2, 6 
and 10 of non-magnetic material are formed to be as 
thin as several nanometer, enough for the carriers to 
tunnel therethrough. 

[0043] Further, the hetero interface between each 
quantum well layer and each adjacent barrier layer is 
formed to be atomically flat and abrupt. However, the 
electrode layers 1 2 and 1 4 of nonmagnetic material may 
have any thickness as desired and are formed of a ma- 
terial that is low in electrical resistance. 
[0044] Figs. 2A and 2B are energy band diagrams for 
a ferromagnetic double quantum well of a ferromagnetic 
double quantum well tunneling magnetoresistance de- 
vice according to the present invention in whjch mag- 
netizations caused in the two quantum wells are orient- 
ed parallel and antiparallel to each other, respectively. 
[0045] As shown in Fig. 2A, if magnetizations in two 
quantum wells 22 and 24 are oriented parallel to each 
other, two adjoining quantum levels 26 and 28 (or quan- 
tum levels 32 and 34) of an equal energy have their re- 
spective spins 36 and 38 (or spins 42 and 44) which are 
equally oriented and pointing upwards (or downwards), 
thus enabling the carriers easily to tunnel between the 
two quantum wells. 

[0046] On the other hand, if magnetizations in two 
quantum wells 52 and 54 are oriented antiparallel to 
each other, as shown in Fig. 2B, two adjoining quantum 
levels 56 and 58 (or quantum levels 62 and 64) even if 
their amounts of energy are equal to each other have 
their respective spins 66 and 68 (or spins 72 and 74) 
which are pointing opposite to each other, thus inhibiting 
the carriers from tunneling between the two quantum 
wells. 

[0047] It should be noted further in Figs. 2A and 2B 
that numerals 21 , 23 and 25 represent the energy bar- 
riers corresponding to the first, second and third barrier 
layers. 

[0048] A ferromagnetic double quantum well tun- 
neling magnetoresistance device according to this in- 
vention is possible of realization, regardless of which of 
metal or semiconductor or what material family it is com- 
posed of, thus only if it has a ferromagnetic double quan- 
tum well structure. For example, a quantum hetero 
structure, namely a super lattice/quantum well structure 
in which a lll-V compound semiconductor is a base may 
be formed having its hetero interfaces made abrupt and 
flat. More specifically, a ferromagnetic semiconductor, 
(GaMn)As, and a nonmagnetic semiconductor AlAs 
may be laminated. Thus, in this material system, the fer- 
romagnetic quantum well layers are formed of (GaMn) 
As and the nonmagnetic barrier layers are formed of 
AlAs. 

[0049] Further, a hetero structure made of a ferromag- 
netic metal and a semiconductor may form the ferro- 
magnetic double quantum well structure. An example is 
a hetero structure formed of ferromagnetic metal MnAs 



and semiconductor GaAs. In this material system, the 
ferromagnetic quantum well layers are made of MnAs 
and the nonmagnetic barrier layers are made of GaAs. 
By the way, not only may the barrier layers be made of 

5 a nonmagnetic semiconductor, but also they may be 
made of a nonmagnetic insulator. 
[0050] The hetero structure of barrier layers and 
quantum well layers of the present invention may be 
formed by a low-temperature molecular beam epitaxial 

10 growth process. 

[0051] For example, a monoatomic layer of different 
elements may be formed on a semiconductor surface, 
on which layer a substance sought to epitaxially grow 
can be caused to build up. Alternatively, a semiconduc- 

15 tor surface may be structurally modified by changing 
growth conditions such as temperature to assume a 
state that it possesses a particular atomic arrangement 
configuration, whereupon a substance sought to epitax- 
ially grow is caused to grow. This permits combining 

20 quite dissimilar substances such as a semiconductor 
and a magnetic metal together and enables a single- 
crystal hetero structure of good quality to grow from 
them. 

[0052] An explanation is next given in detail in respect 

25 of an operation of this invention. 

[0053] A ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 
present invention utilizes a tunnel phenomenon that is 
caused to take place between two-dimensional electron 

30 and positive hole systems (hereinafter referred gener- 
ally to as "two-dimensional electron systems" and men- 
tioned as regards electrons) in ferromagnetic quantum 
wells. In the absence of scattering in the tunnel process, 
an electron energy, spin s, and momentum k in a direc- 

35 tion parallel to an interface satisfy the conservation law. 
[0054] Consequently, if magnetizations of two quan- 
tum wells are antiparallel as shown in Fig. 2B, adjoining 
quantum levels if of equal energy have their spins which 
are pointing contrary to each other, thus completely in- 

40 hibiting the carriers from tunneling between the two 
quantum wells; hence the resistance between them be- 
comes infinitely great. 

[0055] This is based on the fact that even if the carri- 
ers were tunneling to the state which the spin point 

45 equally towards, no such the state exists in the neigh- 
boring quantum well that both their energy and momen- 
tum parallel to the interface may be conserved. This sit- 
uation does not change if the ferromagnetic layers are 
lower in spin polarization. 

so [0056] On the other hand, if magnetizations in the two 
quantum wells are parallel to each other and pointing 
equally towards as shown in Fig. 2A, the tunnel process 
is allowed to occur, permitting a tunnel current to flow 
with the electric resistance having a finite value. 

55 [0057] Accordingly, the present structure that utilizes 
a tunneling phenomenon between two dimensional 
electron systems in a double ferromagnetic quantum 
well enables deriving an extremely large, ideally infinite- 
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ly great tunneling magnetoresistance ratio, regardless 
of magnitudes of spin polarization and compositions of 
ferromagnetic material. 

[0058] Further, controlling, on an atomic level, the 
thickness of a quantum well layer and the thickness and 
height of a barrier layer in a quantum well of the present 
invention allows controlling the energy of a quantum lev- 
el and the tunneling probability of carriers. 
[0059] The barrier height is determined by a combi- 
nation of substances that make up the barrier layers and 
the quantum well layers. For example, if the barrier lay- 
ers are formed of a compound semiconductor, ternary 
alloy (A^Ga^As, changing the composition x from 0 
to 1 is found to allow changing the height of barrier for 
electrons by about 1 eV and the height of barrier for pos- 
itive holes by around 0.5 eV. Consequently, it is seen 
that the electric current can controllably be adjusted by 
changing the thickness and the height of barrier of the 
barrier layers. 

[0060] Further, changing the layer thickness of one or 
both of the two quantum wells is found to allow changing 
the magnitude of a voltage to be applied to cause a res- 
onant tunneling phenomenon that permits an increased 
current to flow. The bias voltage can thereby be control- 
lably adjusted. 

[0061] Thus, a device of this structure permits deriv- 
ing a large tunneling magnetoresistance ratio with a de- 
sired bias voltage. 

[0062] An explanation is next given in respect of ap- 
plications of a ferromagnetic double quantum well tun- 
neling magnetoresistance device according to the 
present invention. 

[0063] Utilizing the principle that an extremely large, 
ideally infinitely great tunneling magnetoresistance ratio 
is obtained according to this invention, regardless of 
magnitudes of spin polarization and compositions of fer- 
romagnetic material, a variety of device applications are 
possible from the basic structure shown in Fig. 1. 
[0064] To begin with, this invention can be applied to 
obtain a highly sensitive magnetic sensor. The fact that 
resistance varies to a large extent under magnetic fields 
in a ferromagnetic double quantum well tunneling mag- 
netoresistance device according to the present inven- 
tion can be utilized to make a magnetic sensor with an 
increased sensitivity. 

[0065] Further, using micro-machining technique al- 
lows the sensor to be formed so it can detect a magnet- 
ization or a magnetic filed in a very small area, or to be 
used to read out a magnetic recording medium. It can 
also be used as a safety measure or for control in a 
transport apparatus such as an automobile. 
[0066] This invention can also be applied to obtain a 
nonvolatile storage. Using two ferromagnetic layers pro- 
duces a hysteresis in the [magnetic field]-[electrical re- 
sistance] curve. To wit, the nature that the two states in 
which the two ferromagnetic layers are magnetized par- 
allel (low resistance) and antiparallel (high resistance) 
are both stable makes the device bistable and suitable 



10 

for use as a nonvolatile storage or memory. In this case, 
read is readily effected from a change in electrical re- 
sistance, whereas write requires a word line that passes 
a pulsed current to be disposed in the vicinity of the de- 

5 vice to produce a magnetic field. 

[0067] Thus, the micro- processed structure of Fig. 1 
built up on a semiconductor substrate permits making a 
high-density nonvolatile storage that is monolithically in- 
tegrated with a semiconductor LSI. 

10 [0068] An explanation is given below in respect of a 
nonvolatile storage device that represents an applica- 
tion of the present invention. 

[0069] A nonvolatile storage of this class comprises a 
plurality of nonvolatile storage or memory cells, and a 

15 word and a bit line for selecting a particular nonvolatile 
storage^cell from the nonvolatile storage cells to write 
and read. Further such word lines and bit lines are ar- 
ranged and distributed horizontally parallel and vertical- 
ly parallel and a give storage cell is disposed at the in- 

20 tersection of a given word line and a given bit line. Each 
nonvolatile storage cell is constructed of a nonvolatile 
storage device and a switching device for selecting the 
storage cell. 

[0070] Fig. 3 is a circuit diagram that illustrates an 
25 electrical constitution of a ferromagnetic double quan- 
tum well tunneling magnetoresistance nonvolatile stor- 
age cell according to this invention, which is made of a 
ferromagnetic double quantum well tunneling magne- 
toresistance device of this invention for the above non- 
30 volatile storage device and a semiconductor switching 
device for the above switching device. An explanation 
is given of a nonvolatile storage cell with reference to 
Fig. 3. 

[0071] In Fig. 3, shown at 1 is a ferromagnetic double 
35 quantum well tunneling magnetoresistance device of 
the present invention as shown in Fig. 1. Numeral 81 
denotes a MOS transistor used as an example of the 
semiconductor switching device. Shown at 82 and 83 
are a bit and a word line, respectively. The MOS fran- 
co sistor 81 has a drain terminal D connected to the bit line 
82, a gate terminal G connected to the word line 83 and 
a source terminal S connected to one electrode layer 1 4 
of the ferromagnetic double quantum well tunneling 
magnetoresistance device 1 of the present invention. 
45 The ferromagnetic double quantum well tunneling mag- 
netoresistance device 1 of the present invention has a 
hetero structure in which a first barrier layer 2 of non- 
magnetic material, a first quantum well layer 4 of ferro- 
magnetic material, a second barrier layer 6 of nonmag- 
50 netic material, a second quantum well layer 8 of ferro- 
magnetic material and a third barrier layer 10 of non- 
magnetic material are successively laminated. The first 
and third barrier layers 2 and 1 0 are formed on their out- 
er sides with electrode layers 1 2 and 1 4 of nonmagnetic 
55 material, respectively. The electrode layer 12 is con- 
nected to a ground GND. 

[0072] An explanation is next given in respect of an 
operation of the nonvolatile storage cell mentioned 
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above. 

[0073] To read stored information, a voltage is applied 
to the selected word line 83 to turn on the MOS transistor 
81 connected to the word line 83, and a read-out voltage 
is applied to the selected bit line 82 to pass an electric 
current between the bit line 82 and the ground GND. 
Then, from the resistance the states of magnetization in 
the first and second quantum well layers 4 and 8 are 
read out. To wit, the resistance of the double quantum 
well will be low (corresponding to the stored information 
ON or OFF) and will be high (corresponding to the stored 
information OFF or ON), respectively, when the first and 
second quantum well layers 4 and 8 are magnetized 
parallel and antiparallel to each other. In this manner, it 
can be read out if the information stored in the selected 
storage cell is ON or OFF. < 
[0074] To write, pulsed currents are passed through 
particular word and bit lines 83 and 82 selected. Mag- 
netic fields resulting from these currents and superim- 
posed upon each other are used to change the state of 
magnetization of the first or second quantum well layer 
4 or 8. To wit, either the state in which the two ferromag- 
netic layers are magnetized parallel or the state in which 
they are magnetized antiparallel is written depending on 
the directions of the currents. In this way, an ON or OFF 
store information can be written. A high speed and sen- 
sitive nonvolatile storage cell is thereby made possible 
of realization. 

[0075] An explanation is next given in respect of a 
three terminal ferromagnetic double quantum well tun- 
neling magnetoresistance nonvolatile storage device of 
the present invention, which makes possible a highly in- 
tegrated nonvolatile storage cell. 
[0076] A three terminal ferromagnetic double quan- 
tum well tunneling magnetoresistance nonvolatile stor- 
age device according to the present invention has a con- 
struction in which the two quantum well layers in the fer- 
romagnetic double quantum well tunneling magnetore- 
sistance device shown in Fig. 1 are formed with elec- 
trodes, respectively, and the difference in voltage (elec- 
tric potential) between the two quantum wells is made 
independently controllable. 

[0077] Fig. 4 shows the construction of such a three 
terminal ferromagnetic double quantum well tunneling 
magnetoresistance nonvolatile storage device accord- 
ing to the present invention. 

[0078] Referring to Fig. 4, the three terminal ferro- 
magnetic double quantum well tunneling magnetore- 
sistance nonvolatile storage device of the present inven- 
tion, as referred to by numeral 3, has a hetero structure 
in which a first barrier layer 2 of nonmagnetic material, 
a first quantum well layer 4 of ferromagnetic material, a 
second barrier layer 6 of nonmagnetic material, a sec- 
ond quantum well layer 8 of ferromagnetic material and 
a third barrier layer 1 0 of nonmagnetic material are suc- 
cessively laminated. The first and third barrier layers 2 
and 10 are formed on their outer sides with electrode 
layers 12 and 14 of nonmagnetic material, respectively. 



Further, the first and second quantum well layers 4 and 
8 of ferromagnetic material of this device are formed 
with electrodes, respectively, and are provided with con- 
trol terminals 84 and 85, respectively, which are capable 

5 of controlling their respective electric potentials. Here, 
the electrode layer 1 2 is referred to as "emitter" and what 
is indicated by numeral 86 is defined as "first terminal 
of the device provided at the emitter 12". Also, the elec- 
trode layer 14 is referred to as "collector" and what is 

1 o indicated by reference numeral 87 is defined as "second 
terminal of the device provided at the collector 14". The 
control terminals 84 and 85 provided at the first and sec- 
ond quantum well layers 4 and 8 are each referred to as 
"third terminal" of the device. Characters V QW1 and 

15 V QW2 represent the voltages at the first and second 
quantum well layers 4 and 8, respectively. 
[0079] An explanation is next given in respect of an 
operation of this device. 

[0080] If the first and second quantum well layers 4 

20 and 8 are constructed to be equal in thickness, they may 
have quantum levels that are equal in energy. Thus, set- 
ting through the control terminals 84 and 85 the voltages 
V QW1 and V QW2 at the first and second quantum well 
layers 4 and 8 to be made equal to each other to make 

25 their quantum levels with an equal energy coincident 
with each other creates a condition in the device that a 
resonant tunneling current can flow between these two 
quantum well layers. Accordingly, applying a voltage 
across the emitter 12 and the collector 14 to pass an 

30 electron current from the emitter 12 to the collector 14 
permits reading a state of magnetization in the first and 
second quantum well layers 4 and 8 from a resistance 
that is found between the emitter 12 and the collector 
14. To wit, the electric resistance will be low and high, if 

35 the two quantum well layers are magnetized parallel and 
antiparallel to each other, respectively. 
[0081] On the other hand, if the voltages V QW1 and 
V QW2 at tne f jrst and second quantum well layers 4 and 
8 are set through the control terminals 84 and 85 to have 

^0 a large enough voltage difference, the device will be 
placed in the state that no resonant tunneling current 
can flow between the two quantum well layers. In this 
case, therefore, the inability for an electron current to 
flow from the emitter 1 2 to the collector 1 4 disables read- 

45 ing a state of magnetization in the first and second quan- 
tum well layers 4 and 8, regardless of what state it is. 
[0082] In contrast to the example mentioned above in 
which the first and second quantum well layers 4 and 8 
are equal in thickness, if they are different in thickness, 

50 the first and second quantum well layers 4 and 8 will 
have their quantum levels varied in energy. Then, set- 
ting through the control terminals 84 and 85 the voltages 
V QW1 and V QW2 at the first and second quantum well 
layers 4 and 8 to have a difference in voltage corre- 

55 sponding to a difference in energy of the two quantum 
levels creates the condition in the device under which a 
resonant tunneling current can flow as mentioned 
above. In this case, therefore, applying a voltage across 



7 



13 

the emitter 12 and the collector 14 to pass an electron 
current from the emitter 12 to the collector 14 permits 
reading a state of magnetization in the first and second 
quantum well layers 4 and 8 from an electric resistance 
that is found between the emitter 1 2 and the collector 14. 5 
[0083] On the other hand, if the voltages V QW1 and 
V QW2 at tne fjrst and second quantum well layers 4 and 
8 are set through the control terminals 84 and 85 to have 
a large enough voltage difference not corresponding to 
a difference in energy of the two quantum levels, the 10 
device will be placed in the state that no resonant tun- 
neling current can flow between the two quantum well 
layers. In this case, therefore, the inability for an electron 
current to flow from the emitter 12 to the collector 14 
disables reading a state of magnetizations in the first 
and second quantum well layers 4 and 8, rega/dless of 
what state it is. 

[0084] As mentioned above, a three terminal ferro- 
magnetic double quantum well tunneling magnetore- 
sistance nonvolatile storage device is capable of ena- 
bling and disabling reading of a state of magnetizations 
in the first and second quantum well layers depending 
on a voltage difference applied to the third electrodes. 
[0085] An explanation is next given in respect of a 
nonvolatile storage cell made of a three terminal ferro- 
magnetic double quantum well tunneling magnetore- 
sistance device according to the present invention. 
[0086] Fig. 5 is a circuit diagram that illustrates an 
electrical constitution of a nonvolatile storage cell made 
of a three terminal ferromagnetic double quantum well 
tunneling magnetoresistance device of the present in- 
vention. Mention is made of the nonvolatile storage cell 
with reference to Fig. 5. 

[0087] In Fig. 5, numeral 3 designates a three terminal 
ferromagnetic double quantum well tunneling magne- 
toresistance device of the present invention as shown 
in Fig. 4. The electrode layer 12 that is an emitter is con- 
nected via a connection terminal 86 to a ground GND. 
The first quantum well layer 4 is connected to a first word 
line 83 via a control terminal 84 that is a third terminal. 
The second quantum well layer 8 is connected to a sec- 
ond word line 88 via a control terminal 85 that is another 
third terminal. The electrode layer 14 that is a collector 
is connected to a bit line 82 via connection terminal 87. 
[0088] An explanation is next given in respect of an 
operation of this nonvolatile storage cell. 
[0089] Mention is made of a construction in which the 
first and second quantum well layers 4 and 8 are equal 
in thickness. 

[0090] To read stored information, the voltages V QW1 
and V QW2 at the first and second quantum well layers 4 
and 8 are set through the selected word lines 83 and 88 
so as to establish the condition that a resonant tunneling 
current can flow across the two quantum wells. Then, a 
read-out voltage is applied to the selected bit line 82 to 
pass an electron current from the emitter 12 to the col- 
lector 14, and the electric resistance in between is de- 
tected. As has been noted before, the electric resistance 



14 

of the double quantum well will be low (corresponding 
to the stored information ON or OFF) and will be high 
(corresponding to the stored information OFF or ON), 
respectively, when the first and second quantum well 
layers 4 and 8 are magnetized parallel and antiparallel 
to each other. In this manner, it can be read out if the 
information stored in the selected storage cell ON or 
OFF. 

[0091] On the other hand, if the voltages V QW1 and 
V QW2 at tne first and second quantum well layers 4 and 
8 are set through the selected word lines 83 and 88 to 
have a large enough voltage difference, the device will 
be placed in the state that no resonant tunneling current 
can flow between the two quantum well layers. In this 
case, even if a read-out voltage is applied to the bit line 
82, the inability for an electron current to flow from the 
emitter 12 to the collector 14 disables reading informa- 
tion stored in the nonvolatile storage cell, regardless of 
what state of magnetization the first and second quan- 
tum well layers 4 and 8 are placed in. 
[0092] In this way, the third terminals are given the 
function of selectively enabling and disabling reading of 
information stored in a nonvolatile storage cell depend- 
ing on whether the difference in voltage across the two 
third terminals is zero or a sufficient voltage difference. 
Therefore, with such third terminals, thus given the func- 
tion of enabling a particular cell to be selected, selecting 
particular first and second word lines and a particular bit 
line followed by applying a read-out voltage to the par- 
ticular bit line permits reading of information stored in a 
particular nonvolatile storage cell selected among a 
number of nonvolatile storage cells. 
[0093] Further, to enable writing into a particular non- 
volatile cell, though not illustrated in Fig. 5, a suitable 
arrangement of word and bit lines is adopted. Currents 
are passed through particular word and bit lines and 
magnetic fields resulting from these currents and super- 
imposed upon one another are used. 
[0094] Thus, writing of store information can be effect- 
ed into a particular nonvolatile storage cell among a plu- 
rality of nonvolatile storage cells by selecting particular 
first and second word lines and a particular bit line and 
passing given currents through them. 
[0095] While mention is made above of the set-up in 
which use is made for each cell of two word lines, name- 
ly a first and a second word line 83 and 88, it should be 
noted that since it is the difference in voltage between 
V QW1 and V QW2 that determines the resonant tunneling 
condition, one of the voltages at the first and second 
quantum well layers 4 and 8 may be fixed. Fig. 6 shows 
such a modification in which the control terminal 84 for 
the first quantum well layer is connected to the ground. 
In this case, each storage cell requires a single word 
line as shown in Fig. 6. 

[0096] Also, while mention is made above of an ex- 
ample in which the first and second quantum well layers 
are equal in thickness, a difference in thickness changes 
the difference in voltages between V QW1 and V QW2 that 
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causes the resonant tunneling required. Accordingly, 
the voltage to be applied to a word line for selecting a 
particular cell can be optionally altered by appropriately 
changing the relative thickness of the two layers. 
[0097] As set forth in the above description, a three 
terminal ferromagnetic double quantum well tunneling 
magnetoresistance nonvolatile storage device of the 
present invention can alone build up a nonvolatile stor- 
age cell. 

[0098] It thus eliminating the need to use a semicon- 
ductor switching device that occupies a large area, 
therefore increases the degree of integration of storag- 



ing to its extremely large magnetoresistance effect. 
[0105] Further, providing a three terminal configura- 
tion in which a ferromagnetic double quantum well is 
provided with a third electrode or electrodes has the ef- 

5 feet of permitting a resonant tunneling effect to control- 
lably develop to selectively enable and disenable read- 
ing information stored in a storage. 
[0106] Further, using this three terminal device in a 
storage cell has the effect of permitting a storage to be 

10 made highly integrated and in addition the effect of sim- 
plifying its manufacturing process and permitting such 
storages to be manufactured with good yield. 



[0099] Also, without using a semiconductor device, a 
device according to the present invention does not suf- 
fer from the problem of a loss of yield due to variations 
in properties of the semiconductor device at the produc- 
tion. 

[0100] Also, without using a semiconductor device, a 
device according to the present invention does not suf- 
fer from problems as regards matching between a fer- 
romagnetic double quantum well manufacturing proc- 
ess and a semiconductor manufacturing process. 
[0101] Although the present invention has been de- 
scribed hereinbefore in terms of certain illustrative forms 
of embodiments thereof, it will readily be appreciated by 
a person skilled in the art that many alterations thereof, 
omissions therefrom and/or additions thereto can be 
made without departing from the essence and the scope 
of the present invention. Accordingly, it should be un- 
derstood that the invention is not intended to be limited 
to the specific forms of embodiment set forth above, but 
to include all possible forms of embodiment thereof that 
can be made within the scope with respect to the fea- 
tures specifically set forth in the appended claims and 
encompasses all the equivalents thereof. 



15 Claims 

1. A ferromagnetic double quantum well tunneling 
magnetoresistance device having a structure com- 
prising a first and a second quantum well layer of 

20 ferromagnetic material each of which is sandwiched 
between barrier layers of non-magnetic material, in 
which a change in direction of magnetizations in 
said first and second quantum layers causes carri- 
ers to tunnel between them, thereby producing a 

25 change in magnetoresistance across them. 

2. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in claim 1, 
characterized in that said first and second quantum 

30 well layers have a difference in coercive force. 

3. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in claim 1 or 
claim 2, characterized in that said first and second 

35 quantum well layers have a thickness less than a 
de Broglie wavelength of the carriers. 



Industrial Applicability 

[0102] In a ferromagnetic double quantum well tun- 
neling magnetoresistance device according to this in- 
vention as will be apparent from the foregoing descrip- 
tion, the thickness of a quantum well, and the thickness 
and height of a barrier layer are regulated on an atomic 
level to set the energy of a quantum level and the prob- 
ability of tunneling, thereby establishing a bias voltage. 
[0103] Thus, the present invention whereby two fer- 
romagnetic quantum well layers made to have a differ- 
ence in coercive force are placed into two states that 
they are magnetized parallel and antiparallel to each 
other under control by an external magnetic field to have 
a tunnel effect to develop controllably, provides an ad- 
vantage of obtaining an infinitely great magneto resist- 
ance ratio with a given bias voltage as desired. 
[0104] Further, a ferromagnetic double quantum well 
tunnel magnetoresistance device according to the 
present invention is effectively capable of utilization in 
a sensitive magnetic sensor or a nonvolatile storage ow- 



4. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 

40 of claims 1 to 3, characterized in that said first and 
second quantum well layers has a two-dimensional 
electron or positive hole condition established 
therein for subjecting the carriers to a quantum con- 
finement. 

45 

5. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 
of claims 1 to 4, characterized in that each of said 
first and second quantum well layers and said bar- 

50 rier layer adjacent thereto has between them a het- 
ero interface that is atomically flat and abrupt. 

6. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 

55 of claims 1 to 5, characterized in that said barrier 
layer is formed to have a thickness that enables the 
carrier to tunnel, 
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7. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 
of claims 1 to 6, characterized in said first quantum 
well layer is made of either a ferromagnetic metal 
or a semiconductor or a semiconductor exhibiting a 
ferromagnetism. 

8. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 
of claims 1 to 7, characterized in said second quan- 
tum well layer is made of either a ferromagnetic 
metal or a semiconductor or a semiconductor ex- 
hibiting a ferromagnetism. 

9. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in,, any one 
of claims 1 to 8, characterized in said barrier layer 
is made of either a nonmagnetic semiconductor or 
nonmagnetic insulator. 

10. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 
of claims 1 to 9 f characterized in that said first and 
second quantum well layers has a quantum level of 
a given energy that, and said carriers have a given 
tunneling probability that, are set up by regulating 
the thickness of each of said first and second quan- 
tum well layers and the thickness and barrier height 
of said barrier layer. 

11. A ferromagnetic double quantum well tunneling 
magnetoresistance device as set forth in any one 
of claims 1 to 10, characterized in that the device is 
operable with a bias voltage that is set up at a de- 
sired magnitude by changing the thickness of each 
of said first and second quantum well layers. 

12. A sensitive magnetic sensor comprising a ferro- 
magnetic double quantum well tunneling magne- 
toresistance device having a structure comprising 
a first and a second quantum well layer of ferromag- 
netic material each of which is sandwiched between 
barrier layers of non-magnetic material, in which a 
change in direction of magnetizations in said first 
and second quantum layers causes carriers to tun- 
nel between them, thereby producing a change in 
magnetoresistance across them, the sensor utiliz- 
ing the nature of said ferromagnetic double quan- 
tum well tunneling magnetoresistance device that 
such a change in the resistance is produced accord- 
ing to an external magnetic field which the device 
is placed under. 
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between barrier layers of non-magnetic material, in 
which a change in direction of magnetizations in 
said first and second quantum layers causes carri- 
ers to tunnel between them, thereby producing a 
change in magnetoresistance across them, the wri- 
table nonvolatile storage device utilizing the nature 
of the ferromagnetic double quantum well tunneling 
magnetoresistance device that a first state of the 
device in which said magnetizations are parallel to 
each other and a second state thereof in which said 
magnetizations are antiparallel to each other are 
capable of discrimination from a magnetoresist- 
ance as found across said first and second quantum 
well layers and said first and second states are both 
stable and capable of controlled establishment. 



14. A nonvolatile memory device as set forth in claim 
13, further comprising a pair of electrodes associ- 
ated with said first and second quantum well layers, 

20 respectively, said electrodes having voltages appli- 
cable thereto whose difference in voltage across 
them is capable of controllably establishing and de- 
establishing a resonant tunneling state between 
said first and second quantum well layers, thereby 

25 to selectively enable and disable reading a state of 
magnetizations of said first and second quantum 
well layers. 

15. A nonvolatile storage cell made of a nonvolatile 
30 storage device as set forth in claim 1 3 and a semi- 
conductor switching device. 

16. A nonvolatile storage cell comprising a nonvolatile 
storage device as set forth in claim 1 3, said nonvol- 

35 atile storage device further including a pair of elec- 
trodes associated with said first and second quan- 
tum well layers, respectively, said electrodes having 
voltage applicable thereto whose difference in volt- 
age across them is capable of controllably estab- 

40 lishing and de-establishing a resonant tunneling 
state between said first and second quantum well 
layers, thereby to selectively enable and disable 
reading a state of magnetizations of said first and 
second quantum well layers. 

45 



50 



13. A writable nonvolatile storage device comprising a 
ferromagnetic double quantum well tunneling mag- 55 
netoresistance device having a structure compris- 
ing a first and a second quantum well layer of fer- 
romagnetic material each of which is sandwiched 
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